Retroviral entry into cells depends on envelope glycoproteins, whereby receptor binding to the surfaceexposed subunit triggers membrane fusion by the transmembrane protein (TM) subunit. We determined the crystal structure at 2.5-Å resolution of the ectodomain of gp21, the TM from human T cell leukemia virus type 1. The gp21 fragment was crystallized as a maltose-binding protein chimera, and the maltose-binding protein domain was used to solve the initial phases by the method of molecular replacement. The structure of gp21 comprises an N-terminal trimeric coiled coil, an adjacent disulfide-bonded loop that stabilizes a chain reversal, and a C-terminal sequence structurally distinct from HIV type 1͞simian immunodeficiency virus gp41 that packs against the coil in an extended antiparallel fashion. Comparison of the gp21 structure with the structures of other retroviral TMs contrasts the conserved nature of the coiled coil-forming region and adjacent disulfide-bonded loop with the variable nature of the C-terminal ectodomain segment. The structure points to these features having evolved to enable the dual roles of retroviral TMs: conserved fusion function and an ability to anchor diverse surface-exposed subunit structures to the virion envelope and infected cell surface. The structure of gp21 implies that the N-terminal fusion peptide is in close proximity to the C-terminal transmembrane domain and likely represents a postfusion conformation.
Human T cell leukemia virus type 1 (HTLV-1) is a retrovirus with a wide geographic distribution associated with adult T cell leukemia (1) and tropical spastic paraparesis͞HTLV-1-associated myelopathy (2) . Retroviral envelope glycoproteins (Env) mediate the attachment and subsequent membrane fusion of virions and infected cells with target cells. Cell-free HTLV-1 virions have low infectivity, and viral spread appears to occur mainly between infected and uninfected cells (3, 4) . The native HTLV-1 Env consists of a receptor-binding surface-exposed subunit (SU), gp46, and a noncovalently associated transmembrane protein (TM), gp21, formed by proteolytic cleavage of a polyprotein precursor, gp62 (5) . Receptor binding triggers conformational changes in retroviral SU-TM complexes that result in TM-mediated fusion (6) . Although the cellular receptors for HIV-1, CD4, and the chemokine receptors have been extensively studied, the HTLV-1 gp46 receptor(s) are unknown.
Despite considerable sequence diversity, retroviral TMs share similar gross structural features. The extraviral domain (ectodomain) comprises an N-terminal hydrophobic fusion peptide, an adjacent coiled coil-forming sequence, a short disulfide-bonded loop, and a C-terminal segment containing ␣-helical elements. The transmembrane domain and cytoplasmic tail are C terminally located (7) . The available structures of Moloney murine leukemia virus (MoMLV) (8) , HIV type 1 (HIV-1) (9-11), and simian immunodeficiency virus (SIV) (12, 13) TM ectodomain fragments lack either 37 C-terminal ectodomain residues (MoMLV), or an intact disulfide-bonded region (HIV and SIV). The disulfide-bonded region is critical for retroviral infectivity (14) , overlaps with an immunosuppressive sequence (15) , and in the case of HIV-1, contains the principal immunodominant antibody epitope (16) . The knob-like structure formed by the disulfide-bonded loop has been proposed to fill a cavity in SU to stabilize the SU-TM complex (17) .
We report the crystal structure of an HTLV-1 gp21 ectodomain segment (Met-338-Thr-425, gp62 numbering) that places the coiled coil-forming sequence, the disulfide-bonded loop, and the C-terminal ectodomain segment in a more complete structural context than has previously been described for other retroviral TMs. We used a strategy for crystallization and structure determination whereby the gp21 segment was linked to maltose-binding protein (MBP) as a crystallization tag of known three-dimensional structure (18) . The structure of gp21 shows the expected N-terminal trimeric coiled coil, the adjacent disulfide-bonded loop similar to MoMLV (8) that stabilizes a chain reversal, and a C-terminal sequence structurally distinct from HIV-1͞SIV gp41 (9-13) that packs against the coil in an extended antiparallel fashion. The structure of gp21 likely represents the fusion-activated or postfusion conformation. The observed structural divergence of the C-terminal regions of retroviral TMs mirrors the diversity of retroviral SU receptors on target cells. liquid nitrogen stream (Oxford Cryosystems, Oxford, U.K.)], by using MAR-Research image plate detector and CuK␣ radiation from a Rigaku (Tokyo) RU-200 rotating anode generator. Data were auto-indexed and processed with the HKL suite (19) . The crystals have the symmetry of the rhombohedral space group R3 with cell dimensions a ϭ b ϭ 102.9 Å, c ϭ 118.0 Å and angles ␣ ϭ ␤ ϭ 90°, ␥ ϭ 120°. A total of 150,336 diffraction measurements were collected to yield 19,248 unique reflections, 91% completeness, and R merge ϭ 0.068 between infinity and 2.29-Å resolution (65% completeness, and R merge ϭ 0.364 between 2.37-and 2.29-Å resolution). R merge ϭ ⌺ hkl (⌺ i (I hkl, i Ϫ ϽI hkl Ͼ))͞⌺ hkl, i ϽI hkl Ͼ, where I hkl, i is the intensity of an individual measurement of the reflection with Miller indices h, k, and l, and ϽI hkl Ͼ is the mean intensity of that reflection; calculated for I Ͼ Ϫ3(I).
Structure Determination. The crystal structure of MBP͞ gp21 was determined by molecular replacement (resolution range 10-3.5 Å) by using the structure of MBP (20) as the search model (program X-PLOR version 3.851). The top solution in the direct rotation function followed by Patterson correlation refinement (21) (correlation coefficient 0.155, highest false peak 0.067) resulted in an unambiguous translation function solution (R cryst ϭ 44%) with good crystal packing and revealed electron density corresponding to the gp21 segment (Fig. 1A) . The missing portion of the model was built by using the program O (22) and improved as judged by the free R factor (23) by rounds of crystallographic refinement using the program X-PLOR (version 3.851) with bulk solvent correction and an anisotropic overall B factor, and manual rebuilding. Solvent molecules were added with the program ARP (24 
RESULTS AND DISCUSSION
Structure of MBP͞gp21 Chimera. A gp21 ectodomain segment lacking the fusion peptide and 20 C-terminal residues was expressed and crystallized as a chimera with Escherichia coli MBP; the two moieties were linked via a tri-alanine linker (18) . The structure of MBP (20) was used to obtain the initial phases by molecular replacement (Fig. 1 A) , and the model was refined at 2.5-Å resolution. A trimeric structure is conferred by the gp21 sequences, consistent with the quaternary structure of the HTLV-1 envelope protein precursor produced in mammalian cells (18) .
The MBP͞gp21 chimera trimer has a mushroom shape, with the gp21 sequences forming the stalk ( Fig. 2 a and b) , and the MBP moieties comprising the head ( Fig. 1 A and B) . A stereo diagram of a Ca trace of a gp21 trimer with each monomer in a different color and selected residues indicated by balls and numbers is published as supplemental data on the PNAS web site, www.pnas.org. The core of gp21 consists of a Ϸ70 Å-long, parallel trimeric coiled coil, positioning three monomers around a crystallographic symmetry axis. The N-terminal ␣-helix of gp21 is oriented roughly perpendicular to the C-terminal helix of MBP via the linker sequence N 368 AAAMS 339 in an extended conformation (gp62 numbering is used throughout; to convert to gp21 numbering subtract 312; to convert to MBP͞gp21 chimera numbering add 34). The linker sequence runs over the nearest gp21 helix, connecting (49)]. MBP is green, the three-alanine linker is yellow, and gp21 is blue. The view is down the crystallographic 3-fold axis (rotated 90°around the horizontal axis relative to the view in A). each MBP moiety to a distal and not the most proximal gp21 sequence in the structure (Fig. 1B) . Structure of gp21. The hydrophobic core of the coiled coil consists of 14 layers of homotrimeric interactions. The majority contains regular knobs-into-holes packing of residues in a and d positions (I 354 LINLIANLL 385 ) ( Fig. 2 a and b) . This type of packing is altered in the N-terminal region where Val-350 shows x-type packing (26) and Leu-346 packs in a d-type fashion (Leu-347 otherwise would occupy an a position). The cavity formed by Gly-343 in a d position is partially filled by the side chain of Met-338. The glycine is substituted by serine in HTLV-2 and simian T lymphotropic virus type 2 (STLV-2) TMs, and the accompanying Met-338-Leu substitution suggests that the Met-338 side chain requires a cavity at position 343.
At the base of the coiled coil (Trp-387), the chain turns perpendicular to the axis of the coil by forming a short 3 10 -helix followed by a short ␣-helix, and then again turns 90°to continue antiparallel to the coil. The region of the chain reversal is stabilized by both a disulfide bridge (residues 393-400; Cys-401 is reduced) and a salt bridge between Glu-398 within the disulfide-bonded loop and Arg-380 close to the base of the coiled coil. This region contains several solvent-exposed hydrophobic residues (e.g., Leu-384, Phe-386, and Trp-387) at the base of the coil. The C-terminal sequence running antiparallel to the coiled coil is extended between residues 397 and 407 [the Asn-404 side chain, which is glycosylated in the native protein (5), points into solvent]. Residues 408-415 form a short helix that packs against the segment 356-365 in the N-terminal helix. The helix is terminated by two prolines (417-418) whereas the rest of the chain is extended and poorly ordered. In some HTLV-1 isolates, Ser-411 is substituted by Pro (27) , suggesting a shorter helix may be tolerated in these cases. A large complementary surface area (2,700 Å 2 ) is buried between the C-terminal sequence (residues 409-421 of a monomer) and the coiled coil (residues 338-387 of the trimer) (Fig. 2f ) . A table summarizing the contacts between the C-terminal sequence and the coiled coil is published as supplemental data on the PNAS web site, www.pnas.org.
The gp21 structure provides a framework for interpreting earlier mutational studies of native Env function (28) . Nonconservative mutation of residues in a and d positions of the coiled coil (Leu-368-Arg and Ala-375-Asp) or of residues that mediate contacts between the coiled coil and the C-terminal segment (Asp-351-His, Arg-379-Gly, Asp-383-Tyr, Glu-398-Val, and Leu-419-Arg) result in decreased gp62 precursor processing, indicating that these residues are important in both the prefusogenic and fusion-activated Env structures. Mutation of other residues within either of these regions (Ala-360-Glu, Ile-361-Arg, Ile-361-Leu, Ala-375-Val, Gln-377-Leu, and Asn-407-Tyr) causes reduced Env fusogenicity and viral infectivity but allows normal Env maturation, suggesting roles in fusion. Gln-377 and Asn-407 appear to be key residues in the interface between the coiled coil and C-terminal segment and illustrate the functional importance of polar interactions between the glutamine side chain and the C-terminal segment. The effects of most other mutations are likely caused by the introduction of steric hindrance through mutation to a larger side chain. Fig. 2 b-d) and SIV TM (12, 13) ectodomain structures reveals that the N-terminal coiled coil-forming sequences have a conserved oligomerization function. The disulfide-bonded regions are very similar in HTLV-1 and MoMLV, although the chains exit the coiled coil in slightly different directions (rms deviation 0.86 Å for 53 C␣ atoms). The C-terminal ectodomain sequences beyond the chain reversal are less conserved structurally between HTLV-1 and HIV-1͞SIV. The extended chain-␣-helix-extended chain arrangement in gp21 is substituted in HIV-1 and SIV gp41 by a longer ␣-helix. The segment of approximately 20 residues of gp41 that links the disulfide-bonded loop to the C-terminal ␣-helix contains multiple glycosylation sites (Fig. 3) and may form a protease-sensitive substructure on the outside of the gp41 core (29, 30) .
Comparison of known and predicted (31) secondary structural elements within the TMs of diverse retroviruses (Fig. 3) suggests that gp21 is most closely related structurally to the TMs of STLV-L and bovine leukemia virus (BLV, HTLV͞ BLV genus), the mammalian C-type retroviruses [e.g., MoMLV and squirrel monkey sarcoma virus (SMRV)], and D-type retroviruses [e.g., Mason-Pfizer monkey virus (MPMV)], all of which contain a conserved disulfide-bonded CX 4 EXCCF motif adjacent to their N-terminal coiled coilforming sequences. The HTLV-1 and MoMLV TM structures indicate that the salt bridge formed between Glu-398 and Arg-380 may be a conserved mechanism for stabilizing the chain reversal in these viruses (8) . By analogy with gp21, the basic residue within the disulfide-bonded loop of divergent primate lentiviruses (e.g., HIV-1 HXB2R and SIV AGM tan), CX 2 K͞RX 2 C, could form a salt bridge with the conserved glutamate corresponding to Arg-379 of gp21. The solution structure of a SIV gp41 with Cys-86 and Cys-92 mutated to alanine determined by NMR (13) showed that the sequence linking N-and C-terminal ␣-helices forms a hairpin at the tip of the helical core that differs remarkably from the structures of corresponding sequences in HTLV-1 and MoMLV TMs. However, it should be noted that: (i) the alanines substituting for the cysteines that would normally form the disulfide bond are Ͼ9 Å apart in the structure; (ii) the corresponding region is disordered in the crystal structure of an identical construct † ; and (iii) the substitution of the corresponding cysteines of HIV-1 gp41 abolished Env maturation and viral infectivity (14) . Therefore, this region may be in a non-native conformation in the described SIV gp41 solution structure (13) .
Comparisons of known and predicted secondary structural elements suggest the greatest diversity in the C-terminal ectodomain sequences. The eight-residue ␣-helix in gp21 is substituted by predicted 13-17-residue, highly charged ␣-helices in MoMLV, SMRV, MPMV, and Rous sarcoma virus (RSV), whereas the B-type mouse mammary tumor virus is expected to contain short helices interspersed with random coils. The conserved nature of the coiled coil-forming regions and adjacent disulfide-bonded loops contrasts with the variable nature of C-terminal ectodomain segments. These features reflect the dual roles of retroviral TMs: conserved fusion function, and the ability to anchor SUs with diverse receptor binding specificities to virions.
Mechanism of Membrane Fusion. There are striking similarities between gp21 and the fusion-activated structure † Yang, Z. (TBHA 2 ) of influenza virus hemagglutinin (HA), the archetype TM subunit (26) (Fig. 2 b and e) . These similarities include the presence of an N-terminal trimeric coiled coil, a region of chain reversal, and a C-terminal extended chain-␣-helixextended chain arrangement (in this respect, gp21 resembles TBHA 2 better than HIV and SIV gp41). The similarities between the high-resolution structures of HA, gp21, and other retroviral TMs, and Ebola virus GP2 (32) and the TM of paramyxovirus (33), as deduced from biochemical studies, suggest a common membrane fusion mechanism. Both prefusogenic (34) and fusion-activated (26) HA structures are assembled into trimers via a triple-stranded coiled coil. Exposure of HA to endosomal pH (pH 5-6) induces fusogenic activity. This fusion activation involves a helical extension of the central coiled-coil N terminus to relocate the fusion peptide from the HA core to an envelope-distal location for insertion into the target cellular membrane. The envelopeproximal portion of the central coiled coil is transformed into a random coil-␣-helix arrangement that mediates the chain reversal for the antiparallel packing of the C-terminal ectodomain sequence on the outside of the coil. The ability of HA to undergo this conformational change is most likely caused by the prefusogenic form folding into a metastable conformation that is destabilized by low pH, resulting in the adoption of the most stable structure (35, 36) .
Receptor binding by SU is considered to trigger the membrane fusion activity of retroviral TMs (6) . The coiled coil likely represents the core of retroviral Envs throughout the fusion process (9) (10) (11) 37) . In influenza HA, irregularities in the 4-3 periodicity are observed near the regions where loop-tohelix transition is triggered by fusion activation (26, 34) (Fig.  2e) ; in gp21, fusion peptide exposure for insertion into the target membrane therefore may occur via helical extension at the N terminus of the coiled coil between residues Leu-340 and Val-350 where irregular packing is also found (Fig. 2b) . The structures of gp21, MoMLV TM, and Ebola virus GP2 highlight the pivotal role of the conserved disulfide-bonded loop in stabilizing the chain reversal, and by analogy with HA, may be a key structural feature of the transition from the prefusogenic to fusion-activated TM conformation. During the structural transition, C-terminal ectodomain sequences presumably refold for antiparallel packing on the outside of the coiled coil. This refolding will relocate the adjacent membrane-anchoring sequences to induce a highly curved, destabilized region of the viral membrane in close proximity to the target membrane facilitating fusion, pore formation, and viral entry (38) (39) (40) (41) . Highly curved membrane structures have indeed been observed at sites of influenza virus-liposome fusion (38) . This refolding process may be inhibited by the binding of peptides derived from HTLV-1 and HIV-1 C-terminal TM sequences to the coiled coil in fusogenic TM intermediates (refs. 42-44 and references therein; ref. 52). Because the structure of gp21 places the fusion peptide and the membrane-anchoring sequence in close proximity, it likely represents the postfusion conformation, i.e., following the fusion of viral and target membranes, with fusion peptide and transmembrane sequences within the composite membrane. This postfusion conformation is also probable for the structures of gp41, MoMLV TM, and TBHA 2 . Although it is in principle possible that the missing C-terminal 25 residues of gp21 could reverse the chain direction and place the transmembrane regions on the other side of the rod, it is unlikely in the context of all the available structures.
A model for retroviral membrane fusion recently was proposed by Weissenhorn et al. (10) . Assembly of the C-terminal segment antiparallel to the coiled coil forces into close apposition the N-terminal fusion peptides and the C-terminal transmembrane anchors that reside in the target and viral͞ infected cell membranes, respectively. The flexible links between these membrane-embedded sequences and the central Proc. Natl. Acad. Sci. USA 96 (1999) rod may allow nonsymmetrical bending at the end of the rod while the two membranes are drawn into close proximity for the initiation of fusion. However, it is also possible that the trimeric symmetry of the retroviral protein is maintained throughout the fusion process (Fig. 4) . This scenario would require embedding of the TM in the membrane, consistent with the intramembrane particles observed by Kanaseki et al. (38) for influenza virus fusion. The exposed hydrophobic residues found at the lower tip of the rod of gp21, MoMLV TM (8), TBHA2 (26) , and Ebola virus GP2 (32) (Fig. 2 b and c) may play a role in this step. Symmetrical relocation of transmembrane sequences may induce the high positive curvature in the inner membrane leaflet of the virus or infected cell that was shown to be required for the transition from hemifusion induced by glycosylphosphatidylinositol-anchored HA to full fusion (40, 41) . At least two scenarios seem possible to complete the fusion process. If the entire area surrounding the TM resulted in pore formation, a membrane vesicle containing the TM will be produced (Fig. 4A) ; vesicles sometimes are observed during influenza virus fusion (38) . However, the observed pore flickering stage of the fusion process (45) suggests that initial pore formation is reversible, and only part of the area of membrane destabilization eventually may form a stable pore. This alternative (Fig. 4B ) is more obviously consistent with electron microscopic analysis of influenza HA in the fusion pH conformation (46) , as well as the observed cooperativity of at least three HA trimers at a late stage of influenza virus fusion (47) ; the perturbation of the membrane between several TMs could increase the probability of an initial pore to advance and form a stable one. The gp21 structure reveals suitable conserved target sites for inhibitors both in the interface between the N-terminal coiled coil and the C-terminal sequences, as previously proposed for HIV-1͞SIV gp41 (9) (10) (11) (12) , and in the region of chain reversal, such as the pocket containing the Glu-398-Arg-380 salt bridge (Fig. 2f ) . Such inhibitors may be useful as therapeutic agents and as a means to help us understand the fusion process.
